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(57) ABSTRACT 

A thickness mode piezoelectric transformer is provided that 
has masses attached to opposing faces of the transformer. 
The end-masses increase the thickness of the transformer 
and decrease its resonant frequency. The end-masses 
increase the magnitude of resonant vibrations in the output 
layer(s) as Well as the mechanical Q of the device to provide 
a loW pro?le piezoelectric transformer With high poWer 
density. The preferably metal end-masses also act as high 
voltage output electrodes as Well as heat sinks. 

12 Claims, 7 Drawing Sheets 
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THICKNESS MODE PIEZOELECTRIC 
TRANSFORMER WITH END-MASSES 

This application claims priority from provisional appli 
cation 60/165,864 ?led on Nov. 16, 1999. 

BACKGROUND OF INVENTION 

1. Field of Invention 

The present invention relates generally to a voltage con 
verter using layers of pieZoelectric ceramic. More 
speci?cally, the present invention relates to a multilayer 
pieZoelectric transformer using thickness mode resonant 
vibration for step-up voltage conversion applications. A 
metallic mass is bonded to each output ceramic layer thereby 
providing a pieZoelectric transformer operating at a loWer 
frequency, With higher gain and poWer density than a 
pieZoelectric transformer using simply a thick output 
ceramic layer. 

2. Description of the Prior Art 
Wire Wound-type electromagnetic transformers have been 

used for generating high voltage in internal poWer circuits of 
devices such as televisions or ?uorescent lamp ballasts. 
Such electromagnetic transformers take the form of a con 
ductor Wound onto a core made of a magnetic substance. 
Because a large number of turns of the conductor are 
required to realiZe a high transformation ratio, electromag 
netic transformers that are effective, yet at the same time 
compact and slim in shape are extremely difficult to produce. 
Furthermore, in vieW of high frequency applications, the 
electromagnetic transformer has many disadvantages 
involving magnetic material of the electromagnetic 
transformer, such as sharp increase in hysteresis loss, eddy 
current loss and conductor skin-effect loss. Those losses 
limit the practical frequency range of magnetic transformers 
to not above 500 kHZ. 

To remedy this and many other problems of the Wire 
Wound transformer, pieZoelectric ceramic transformers (or 
PTs) utiliZing the pieZoelectric effect have been provided in 
the prior art. In contrast to electromagnetic transformers, 
PTs have a sharp frequency characteristic of the output 
voltage to input voltage ratio, Which has a peak at the 
resonant frequency. This resonant frequency depends on the 
material constants and thickness of materials of construction 
of the transformer including the pieZoelectric ceramics and 
electrodes. Furthermore PTs have a number of advantages 
over general electromagnetic transformers. The siZe of PTs 
can be made much smaller than electromagnetic transform 
ers of comparable transformation ratio, PTs can be made 
non?ammable, and produce no electromagnetically induced 
noise. 

The ceramic body employed in PTs takes various forms 
and con?gurations, including rings, ?at slabs and the like. 
Typical eXamples of a prior PTs are illustrated in FIGS. 1 
and This type of PT is commonly referred to as a “Rosen 
type” pieZoelectric transformer. The basic Rosen-type pieZo 
electric transformer Was disclosed in US. Pat. No. 2,830, 
274 and numerous variations of this basic apparatus are Well 
knoWn in the prior art. The typical Rosen-type PT comprises 
a ?at ceramic slab 20 appreciably longer than it is Wide and 
substantially Wider than it is thick. In the case of FIG. 1, the 
pieZoelectric body 20 is in the form of a ?at slab that is 
considerably Wider than it is thick, and having greater length 
than Width. 
As shoWn in FIG. 1, a pieZoelectric body 20 is employed 

having some portions polariZed differently from others. A 
substantial portion of the slab 20, the generator portion 22 to 
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2 
the right of the center of the slab is polariZed longitudinally, 
and has a high impedance in the direction of polariZation. 
The remainder of the slab, the vibrator portion 21 is polar 
iZed transversely to the plane of the face of the slab (in the 
thickness direction) and has a loW impedance in the direc 
tion of polariZation. In this case the vibrator portion 21 of the 
slab is actually divided into tWo portions. The ?rst portion 24 
of the vibrator portion 21 is polariZed transversely in one 
direction, and the second portion 26 of the vibrator portion 
21 is also polariZed transversely but in the direction opposite 
to that of the polariZation in the ?rst portion 24 of the 
vibrator portion 21. 

In order that electrical voltages may be related to 
mechanical stress in the slab 20, electrodes are provided. If 
desired, there may be a common electrode 28, shoWn as 
grounded. For the primary connection and for relating 
voltages at opposite faces of the loW impedance vibrator 
portion 21 of the slab 20, there is an electrode 30 opposite 
the common electrode 28. For relating voltages to stresses 
generated in the longitudinal direction in the high impedance 
generator portion 22 of the slab 20, there is a secondary or 
high-voltage electrode 35 on the end of the slab for coop 
erating With the common electrode 28. The electrode 35 is 
shoWn as connected to a terminal 34 of an output load 36 
grounded at its opposite end. 

In the arrangement illustrated in FIG. 1, a voltage applied 
betWeen the electrodes 28 and 30 of the loW impedance 
vibrator portion 21 is stepped up to a higher voltage betWeen 
the electrodes 28 and 35 in the high impedance generator 
portion for supplying the load 36 at a much higher voltage 
than that applied betWeen the electrodes 28 and 30. The 
applied voltage causes a deformation of the slab through 
proportionate changes in the X-y and y-Z surface areas. More 
speci?cally, the Rosen PT is operated by applying alternat 
ing voltage to the drive electrodes 28 and 30, respectively. 
Alongitudinal vibration is thereby excited in the loW imped 
ance vibrator portion 21 in the transverse effect mode (“d31 
mode”). The transverse effect mode vibration in the loW 
impedance vibrator portion 21 in turn excites a vibration in 
the high impedance generator portion 22 in a longitudinal 
effect longitudinal vibration mode (“g33 mode”). As the 
result, high voltage output is obtained betWeen electrode 28 
and 35. On the other hand, for obtaining output of step-doWn 
voltage, as appreciated, the high impedance portion 22 
undergoing longitudinal effect mode vibration may be used 
as the input and the loW impedance portion 21 subjected to 
transverse effect mode vibration as the output. 

The Rosen type PT has been found disadvantageous in 
that the only useable coupling coef?cient is k31, Which is 
associated With the very small transverse effect longitudinal 
vibration mode (“d31 mode”). This results in obtaining only 
a very small bandWidth. Conventional pieZoelectric trans 
formers like this operate only up to about 200 kHZ. 

Another inherent problem of such prior PTs is that they 
have relatively loW poWer transmission capacity. This dis 
advantage of prior PTs relates to the fact that little or no 
mechanical advantage is realiZed betWeen the vibrator por 
tion 21 of the device and the driver portion 22 of the device, 
since each is intrinsically a portion of the same electroactive 
member. This inherently restricts the mechanical energy 
transmission capability of the device, Which, in turn, inher 
ently restricts the electrical poWer handling capacity of such 
devices. 

Additionally, even under resonant conditions, because the 
pieZoelectric voltage transmission function of Rosen-type 
PTs is accomplished by proportionate changes in the X-y and 
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y-Z surface areas (or, in certain embodiments, changes in the 
X-y and X‘-y‘ surface areas) of the piezoelectric member, 
Which changes are of relatively loW magnitude, the power 
handling capacity of prior circuits using such pieZoelectric 
transformers is inherently loW. 

In addition, With the typical Rosen transformer, it is 
generally necessary to alternately apply positive and nega 
tive voltages across opposing faces of the vibrator portion 21 
of the member in order to “push” and “pull”, respectively, 
the member into the desired shape. 

Even under resonant conditions, prior electrical circuits 
that incorporate such prior PTs are relatively inef?cient, 
because the energy required during the ?rst half-cycle of 
operation to “push” the pieZoelectric member into a ?rst 
shape is largely lost (ie by generating heat) during the 
“pull” half-cycle of operation. This heat generation corre 
sponds to a loWering of ef?ciency of the circuit, an increased 
?re haZard, and/or a reduction in component and circuit 
reliability. 

Furthermore, in order to reduce the temperature of such 
heat generating circuits, the circuit components (typically 
including sWitching transistors and other components, as 
Well as the transformer itself) are oversiZed, Which reduces 
the number of applications in Which the circuit can be 
utiliZed, and Which also increases the cost/price of the 
circuit. 

Because the poWer transmission capacity of such prior 
PTs is so loW, it has become common in the prior art to 
combine several such transformers together into a multi 
layer “stack” in order to achieve a greater poWer transmis 
sion capacity than Would be achievable using one such prior 
transformer alone. This, of course, increases both the siZe 
and the manufacturing cost of the transformer. 

Also generally knoWn are PTs polariZed and vibrating in 
the thickness direction (i.e., vibrations are parallel to the 
direction of polariZation of the layers). Illustrative of such 
“thickness mode” vibration PTs is the device of US. Pat. 
No. 5,118,982 to Inoue shoWn in FIGS. 3 and 4. Athickness 
mode vibration PT typically comprises a loW impedance 
portion 11 and a high impedance portion 12 stacked on each 
other. The loW impedance portion 11 and the high imped 
ance portion 12 of the thickness mode PT typically com 
prises a series of laminate layers of ceramic alternating With 
electrode layers. Each portion is composed of at least tWo 
electrode layers and at least one pieZoelectric material layer. 
Each of the pieZoelectric ceramic layers of the loW imped 
ance portion 11 and the ceramic layer of the high impedance 
portion 12 are polariZed in the thickness direction 
(perpendicular to the plane of the interface betWeen the 
ceramic layers). Every alternate electrode layer in each 
portion 11 or 12 may be connected to each other and to 
selected external terminals. 

The thickness mode PT of FIG. 3 comprises a loW 
impedance vibrator portion 11 including a plurality of pieZo 
electric layers 111 through 114 and a high impedance 
vibrator portion 12 including a pieZoelectric layer 122, each 
of the layers being integrally laminated, as shoWn in FIG. 4, 
and caused to vibrate in thickness-extensional mode. 

The loW impedance portion 11 has a laminated structure 
Which comprises multi-layered pieZoelectric layers 111 
through 114 each being interposed betWeen electrodes 
including the top surface electrode layer 201 and internal 
electrode layers 131 through 134. The high impedance 
portion 12 is constructed of the bottom electrode layer 202, 
an internal electrode layer 134 and a single pieZoelectric 
layer 122 interposed betWeen both electrode layers 202 and 
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4 
134. Polarization in each pieZoelectric layer is, as indicated 
by arroWs, in the direction of thickness, respectively. In the 
loW impedance portion 11, alternating pieZoelectric layers 
are polariZed in opposite directions to each other. The 
polariZation in the high impedance portion 12 is also in the 
direction of thickness. 
The three-terminal construction of FIG. 3 has a common 

electrode 134 to Which one terminal of each portion is 
connected. A four-terminal construction as in FIG. 4 
includes a pair of terminals 16 and 17 for the loW impedance 
portion 11 and another pair of terminals 18 and 19 for the 
high impedance portion 12. The total thickness of the PT of 
FIGS. 3 or is equal to a half Wavelength (lambda/2) or one 
full Wavelength (lambda) of the drive frequency. 
When an alternating voltage is applied to the electrode 

layers across the ceramic layer of the vibrator portion 11, a 
vibration is eXcited in the ceramic parallel to the direction of 
the polariZation of the layers in the longitudinal vibration 
mode (“d33 mode”). This vibration of the loW impedance 
portion 11 excites a vibration in the high impedance portion 
12. As the high impedance portion 12 vibrates, the g33 mode 
deformation of the high impedance portion 12 generates an 
electrical voltage across the electrodes of the high imped 
ance portion 12. When operating the PT in the thickness 
eXtensional mode With a resonance of lambda/2 mode or 
lambda mode the PT may operate in frequency range of 
1—10 MHZ, depending on the PT’s thickness. 
A problem With prior thickness mode PTs is that the 

thickness mode resonant frequency is too high for some 
applications. 
Another problem With prior thickness mode PTs is that 

they do not have a suf?cient poWer transmission capacity for 
some applications. 

Another problem With prior thickness mode PTs is that the 
addition of ceramic layers to the PT does not signi?cantly 
raise the poWer density of such devices and may increase 
capacitive and dielectric losses. 

Accordingly, it Would be desirable to provide a pieZo 
electric transformer design that has a higher poWer trans 
mission capacity than similarly siZed prior pieZoelectric 
transformers. 

It Would also be desirable to provide a pieZoelectric 
transformer that is smaller than prior pieZoelectric trans 
formers that have similar poWer transmission capacities. 

It Would also be desirable to provide a pieZoelectric 
transformer in Which the “driver” portion of the device and 
the “driven” portion of the device are not the same electro 
active element. 

It Would also be desirable to provide a pieZoelectric 
transformer that develops a substantial mechanical advan 
tage betWeen the driver portion of the device and the driven 
portion of the device. 

It Would also be desirable to provide a pieZoelectric 
transformer that, at its natural frequency, oscillates With 
greater momentum than is achievable With comparably siZed 
prior pieZoelectric transformers. 

It Would also be desirable to provide a pieZoelectric 
transformer that does not generate as much heat as prior 
devices, and therefore has decreased loss due to the heat. 

It Would also be desirable to provide a pieZoelectric 
transformer in Which the heat that is generated is dissipated 
quickly, and therefore has decreased loss due to the heat. 

SUMMARY OF THE INVENTION 

According to the present invention, there is provided a 
Thickness Mode PieZoelectric Transformer (TMPT) prefer 
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ably operating at its natural (i.e. “resonant”) frequency to 
convert a transformer input signal of a ?rst character (i.e. 
voltage, frequency and current) to a transformer output 
signal of a second character (i.e. voltage, frequency and 
current). The disclosed TMPT efficiently accomplishes the 
described signal conversion by subjecting the input “driver” 
section of the TMPT to an alternating voltage Which causes 
the input portion to deform and vibrate, Which in turn causes 
the output portion(s) to vibrate, Which in turn causes the 
“driven” output portion of the TMPT to deform, and Which 
in turn generates an output voltage at the driven section of 
the transformer. 

The outermost portions of the output section have end 
masses attached to them. These end-masses are added to the 
output portion of the PT and may replace one or more layers 
of ceramic in the output portion and thereby serve to 
increase the momentum of movement of the output portions. 
The end-masses reduce the resonant frequency of the TMPT 
and increase the gain of the TMPT by increasing the poWer 
density in the output ceramic layers. 

The end-masses may be metallic and further serve as 
output terminals and heat sink devices. 

The preferred embodiment of the invention provides a 
multi-layer pieZoelectric transformer capable of achieving 
high mechanical momentum (and, therefore, is capable of 
high energy storage and transmission). 

Accordingly, it is an object the present invention to 
provide a TMPT design that has a higher poWer transmission 
capacity than similarly siZed prior PTs. 

It is another object of the present invention to provide a 
TMPT that is smaller than prior PTs that have similar poWer 
transmission capacities. 

It is another object of the present invention to provide a 
TMPT in Which the “driver” portion of the device and the 
“driven” portion of the device are not the same electro 
active element. 

It is another object of the present invention to provide a 
TMPT that develops a substantial mechanical advantage 
betWeen the driver portion of the device and the driven 
portion of the device. 

It is another object of the present invention to provide a 
TMPT that, at its natural frequency, oscillates With greater 
momentum than is achievable in comparably siZed prior 
PTs. 

It is another object of the present invention to provide a 
TMPT that is relatively less expensive to manufacture than 
prior TMPTs that perform comparable signal transformation 
functions. 

It is another object of the present invention to provide a 
TMPT that vibrates With greater momentum to achieve a 
higher gain than prior TMPTs. 

It is another object of the present invention to provide a 
TMPT that vibrates With a loWer frequency to achieve a 
higher gain than prior TMPTs. 

It is another object of the present invention to provide a 
TMPT and that is simpler to manufacture than prior TMPTs 
having a laminate structure. 

It is another object of the present invention to provide a 
TMPT that has feWer losses due to capacitive and dielectric 
losses. 

It is another object of the present invention to provide a 
TMPT that generates less heat than prior TMPTs, and 
thereby has reduced losses due to heat. 

BRIEF DESCRIPTION OF THE DRAWINGS 

The above and other objects and advantages of the present 
invention Will be apparent upon consideration of the fol 
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6 
loWing detailed description, taken in conjunction With 
accompanying draWings, in Which like reference characters 
refer to like parts throughout, and in Which: 

FIG. 1 is a partially schematic perspective vieW of a 
typical Rosen type pieZoelectric transformer of the prior art; 

FIG. 2 is a perspective vieW of another example of a 
Rosen type pieZoelectric transformer of the prior art; 

FIG. 3 is a perspective vieW of a typical multi-layer 
thickness mode vibration pieZoelectric transformer of the 
prior art; 

FIG. 4 is a perspective vieW of another multi-layer 
thickness mode vibration pieZoelectric transformer of the 
prior art; 

FIG. 5 is a perspective vieW of one embodiment of a 
thickness mode vibration pieZoelectric transformer of the 
present invention having a cylindrical con?guration; 

FIG. 6 is a perspective vieW of another embodiment of a 
thickness mode pieZoelectric transformer of the present 
invention having a cylindrical con?guration; 

FIG. 7 is a perspective vieW of the preferred embodiment 
of a thickness mode pieZoelectric transformer of the present 
invention With a rectangular con?guration and shoWing the 
preferred electrical connections; 

FIG. 8 is a perspective vieW of the thickness mode 
pieZoelectric transformer of FIG. 7 using a second con?gu 
ration of electrical connections; 

FIG. 9 is a perspective vieW of the thickness mode 
pieZoelectric transformer of FIG. 7 using an third con?gu 
ration of electrical connections; 

FIG. 10 is an elevation vieW shoWing a modi?ed longi 
tudinally prestressed thickness mode piezoelectric trans 
former Within a housing member; 

DESCRIPTION OF THE PREFERRED 
EMBODIMENT 

In the present invention, a multilayer pieZoelectric trans 
former is provided using thickness mode resonant vibration 
for step-up voltage conversion applications. An end-mass is 
bonded to the output ceramic layer. This may be alterna 
tively vieWed as replacement of a portion of the output 
ceramic layer With an end-mass. The end-mass thereby 
provides a pieZoelectric transformer operating at a loWer 
frequency, With higher gain and higher poWer density than 
a pieZoelectric transformer of the same siZe using simply a 
thick output ceramic layer. 

Typical thickness mode pieZoelectric transformers 
(TMPTs) utiliZe a multilayer construction in attempting to 
provide greater voltage gain and poWer to circuit applica 
tions. The transformation ratio is typically substantially 
proportional to the square of the impedance ratio of the input 
and output portions. There is hoWever a practical limit to the 
ef?cacy of added ceramic layers and after a certain point, 
additional ceramic layers do not contribute to the gain of the 
TMPT. In the present invention it has been found that the 
addition of endmasses to the output portion(s) of a TMPT 
may effectively raise the gain achievable in a TMPT. 

The output poWer P of pieZoelectric transformer operating 
in thickness-extensional mode vibration is expressed, based 
on a simpli?ed consideration from the vieWpoint of energy, 
approximately as: 

Where f, is thickness-extensional mode resonance frequency, 
6335 is constraint dielectric constant, V is volume of the 
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piezoelectric transformer, kt is electromechanical coupling 
coef?cient of thickness-extensional mode vibration, and OM 
is the mechanical quality factor. Thus, in a TMPT the poWer 
output per unitary volume (poWer density) increases With 
greater electromechanical coupling coef?cient k, and higher 
resonant frequency fr of pieZoelectric ceramic resonator. By 
increasing the mechanical quality factor of the pieZoelectric 
transformer, the poWer transmission ef?ciency can become 
higher. Using laminate techniques, prior TMPTs have had 
poor parallel precision and planeness Which resulted in a loW 
mechanical quality factor and loWer poWer transmission 
ef?ciency. 

In the present invention, a typically metal end-mass is 
bonded to the output portion of a TMPT. This bonding may 
be vieWed as adding additional mass to the ends of the 
TMPT or as replacing some or all of the ceramic in an output 
portion of the TMPT. Adding an end-mass to the output 
portion of the TMPT increases the total mass and volume of 
the TMPT. An end-mass may be used to replace a portion of 
output ceramic and depending on the density of the end 
mass that replaces the ceramic, the total volume of the 
TMPT can remain the same While the mass decreases (With 
a less dense end-mass) or increases (With the denser 
endmass). Alternatively, an end-mass may be used to replace 
a portion of output ceramic and the total mass of the TMPT 
may remain the same While the volume or length of the 
TMPT increases (With a less dense end-mass) or decreases 
(With a denser endmass). These examples are only illustra 
tive of the effect of different density end-masses added to or 
replacing a part of the output ceramic of the TMPT and it is 
not necessary for either the mass or volume of the TMPT to 
remain constant. 

In the preferred embodiment of the TMPT a denser 
end-mass is added to the output portion of the TMPT, 
increasing both the mass and volume of the TMPT. An 
increase in the mass of the TMPT as Well as a length increase 
loWers the resonant frequency of the TMPT While increasing 
the gain and poWer density. The increase in gain is due to the 
fact that the added mass increases the momentum of the 
device Without adding any ceramic layers (Which add to the 
capacitance and dielectric losses). 

The increase in gain Without adding ceramic layers results 
in a higher poWer to volume ratio. Furthermore the length of 
the endmass(es) may be selected to ensure that during 
operation of the TMPT, maximum compressive and tensile 
forces are concentrated at the bond line 56 and 58 betWeen 
the input and output portion(s), resulting in increased gain. 
Further, since the metallic endmasses have a high mechani 
cal quality factor, the gain and poWer density increase 
commensurate With increased mechanical quality factor of 
the composite TMPT. Furthermore, the cost of the TMPT is 
reduced due to the availability of inexpensive metal layers to 
replace the more expensive ceramic layers, and the ease of 
bonding metal end-masses to ceramic layers as opposed to 
the expense of conventional laminated multilayer manufac 
turing techniques. 

In the TMPT of FIG. 5, the end-mass tuned TMPT 1 has 
one input portion 31 and one output portion 32. The input 
portion 31 of the TMPT 1 comprises tWo layers 40 and 45 
of pieZoelectric ceramic separated by an electrode 47. Each 
of the tWo input layers 40 and 45 preferably comprises a 
circular disk of PZT material With electrodes (silver and/or 
nickel) electrodeposited thereon. The input layers 40 and 45 
are polariZed in the thickness direction, i.e., in the direction 
perpendicular to the major faces of the disks. Preferably the 
direction of polariZation of one input layer e.g., 40 is 
opposite to the direction of polariZation of the other input 
layer e.g., 45. 
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The tWo input layers 40 and 45 are each bonded along one 

of their major faces to a central electrode 47. The central 
electrode 47 preferably comprises a copper foil. On the 
remaining major faces of the input layers 40 and 45 are also 
bonded electrodes 46 and 48, also preferably comprising 
copper foil. Bonding of the input layers 40 and 45 to the 
electrodes 46, 47 and 48 is preferably With “Cibageigy 
AV118” (CIBA) as manufactured by Ciba Specialty Chemi 
cals Corporation, N.A. of East Lansing, Mich. 
The output portion 32 of the TMPT 1 comprises a 

pieZoelectric ceramic layer 55. This output layer 55 also 
preferably comprises a circular disk of PZT ceramic material 
polariZed in the thickness direction. The output layer 55 is of 
substantially the same circumference as the input layers 40 
and 45, but is signi?cantly thicker than the input layers 40 
and 45 in the direction of its polariZation. One major face of 
the output layer 55 is bonded to an outboard 46 electrode of 
the input portion 31, preferably using CIBA adhesive. To the 
remaining major face of the output layer 55 may be bonded 
(preferably using CIBA adhesive) another electrode 52, 
preferably comprising a copper foil. 
On each side of the device of FIG. 5 (to the exterior 

electrodes) is bonded an end-mass 60 and 65 (preferably 
With CIBA adhesive). The end-masses 60 and 65 are pref 
erably metallic (such as aluminum or steel) and of substan 
tially the same circumference as the input and output layers 
40, 45 and 55. Although the end-masses 60 and 65, and the 
input and output layers 40, 45 and 55 may all be of different 
circumferences, it is preferred that thy are all of the same 
circumference. This alloWs the resonant characteristics to be 
more uniform and predictable as Well as minimiZes the 
pro?le of the device. The thickness of the end-mass is 
chosen dependent on the type of material used for the 
end-mass and the resonant characteristics desired from the 
composite TMPT. In most cases, the preferred end-mass 60 
and 65 Will be steel, because it is denser than PZT and the 
pro?le of a TMPT 1 may be minimiZed using a denser 
endmass 60 and 65. When the material comprising the 
end-mass 60 and 65 is chosen to be aluminum and the mass 
of the TMPT 1 is required to remain constant, the thickness 
of the aluminum cylinder to be bonded to the ceramic layers 
40, 45 and 55 is approximately 1.64 times the thickness of 
the ceramic layer(s) being replaced by the mass. (the ratio of 
the densities of PZT to aluminum is 82/50 or 1.64). 
NoW referring to FIG. 6: A TMPT 2 With four ceramic 

layers may be constructed by bonding a second output 
portion 33 (preferably With CIBA adhesive) to the input 
portion 31. The second output portion 33 of the TMPT 
comprises another pieZoelectric ceramic layer 50. This out 
put layer 50 also preferably comprises a circular disk of PZT 
ceramic material polariZed in the thickness direction. The 
second output layer 50 is of substantially the same circum 
ference as the input layers 40 and 45, but is signi?cantly 
thicker than the input layers 40 and 45 in the direction of its 
polariZation and is preferably the same thickness as the ?rst 
output layer 55. Although the end-masses 60 and 65, and the 
input and output layers 40, 45, 50 and 55 may all be of 
different circumferences, it is preferred that thy are all of the 
same circumference. It is also preferred that the input layers 
40 and 45 are of substantially equal thickness and that the 
output layers 50 and 55 are of substantially equal thickness. 
This alloWs the resonant characteristics to be more uniform 
and predictable as Well as minimiZes the pro?le of the 
device. One major face of the second output layer 50 is 
bonded to the second outboard electrode 48 of the input 
portion 31, preferably using CIBA adhesive. To the remain 
ing major face of the second output layer 50 may be bonded 
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(preferably using CIBA adhesive) another electrode 53, 
preferably comprising a copper foil. The direction of polar 
iZation of the output layers 50 and 55 is in the thickness 
direction, and preferably each output layer 50 and 55 is 
polariZed in the direction aWay from the center electrode 47 
of the input portion 31, i.e., the output layers 50 and 55 are 
preferably polariZed in the thickness direction toWard their 
outboard sides. 

The end-masses 60 and 65 that are bonded to the output 
portions 32 and 33 of the TMPT in FIG. 6 are of substan 
tially the same circumference and thickness. When the 
end-masses 60 and 65 replace a portion of the output 
ceramic and the mass of the device is required to remain 
constant and the end-masses 60 and 65 are chosen to be 
aluminum, the thickness of the ?rst and second end-mounted 
masses 60 and 65 are each 1.64 times the thickness of the 
output ceramic disks that each of the end-masses 60 and 65 
replaces. When the end-masses 60 and 65 are chosen to 
comprise another material, such as steel, the ratio Will 
depend on the physical properties (such as the density and 
dimensions) of the material and What total mass or volume 
device is desired. 
As an eXample of the dimensions of the TMPT of FIG. 5, 

the input portion 31 of the device comprises tWo PZT disks 
40 and 45 each With a diameter of 0.75 inches and 0.03 
inches thick. The output portion 32 comprises a PZT disk 55 
With a diameter of 0.75 inches and a thickness of 0.60 
inches. Copper foil 46, 47, 48 and 52 is bonded to each 
major face of the disks 40, 45 and 55 comprising the input 
and output portions 31 and 32. To the output portion 32 is 
bonded an aluminum cylinder 65 With a diameter of 0.75 
inches and a thickness of 0.656 inches. To the input portion 
31 is bonded an aluminum cylinder 60 With a diameter of 
0.75 inches and a thickness of 1.542 inches. With an input 
voltage of 9.5 Vrms a composite TMPT 1 constructed to 
these speci?cations achieved voltage gains as high as 112.9. 
As an eXample of the dimensions of the TMPT of FIG. 6, 

the input portion 31 of the device comprises tWo PZT disks 
40 and 45 each With a diameter of 0.75 inches and 0.03 
inches thick. The output portions 32 and 33 each comprise 
a PZT disk 50 and 55 With a diameter of 0.75 inches and a 
thickness of 0.60 inches. Copper foil (3 mils) 46, 47, 48, 52 
and 53 is bonded to each major face of the disks 40, 45, 50 
and 55 comprising the input and output portions 31, 32 and 
33. To each of the output portions 32 and 33 is bonded an 
aluminum cylinder 60 and 65 With a diameter of 0.75 inches 
and a thickness of 0.656 inches. The dimensions chosen for 
the TMPTs 1 and 2 of FIGS. 5 and 6 are only illustrative of 
the possible con?gurations for an end-masstuned TMPT, and 
other shapes and thicknesses are both possible and desirable. 
For eXample the composite TMPT 1 or 2 need not be 
cylindrical, and it need not be as thick in height or diameter. 
It Will be understood that since the TMPT is polariZed in the 
thickness direction, that a cross-section (slice) of the cylin 
der may be taken across its height and the composite TMPT 
Will operate according to the same principles. 

Referring to FIG. 7: A composite TMPT 3 is illustrated 
Which is con?gured in the shape of a rectangular slab rather 
than a cylinder. HoWever, (With only slight exceptions) the 
portions of the TMPT 3 of FIG. 7 remain the same as the 
TMPT 2 in FIG. 6. In the center of the device is the input 
portion 31 comprising tWo layers 40 and 45 of pieZoelectric 
ceramic material (preferably PZT) bonded to a central 
electrode 47 and tWo outboard electrodes 46 and 48. To the 
tWo outboard electrodes 46 and 48 of the input portion 31 are 
bonded tWo output ceramic layers 50 and 55 (preferably 
PZT). To the outboard sides of the output ceramic layers 50 
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and 55 are bonded end-masses 60 and 65. In the case of the 
TMPT 3 of FIG. 7, the end-masses 60 and 65 comprise a 
conductive material such as steel, and the need for additional 
electrodes on the outboard sides of the output ceramic layers 
50 and 55 is thus obviated. 

Referring to FIGS. 7, 8 and 9: Each of the TMPTs 3 
illustrated in FIGS. 7—9 are constructed identically eXcept 
for the connection of the input, output and ground terminals. 
A rectangular slab shaped TMPT 3 Was constructed having 
an input portion 31 comprising tWo input PZT ceramic 
layers 40 and 45 that are 0.39 by 0.10 by 0.030 inches thick 
With a central electrode 47 and outboard electrodes 46 and 
48 comprising 3 mil thick copper foil. The output portions 
32 and 33 comprises tWo output PZT ceramic layers 50 and 
55 that are 0.39 by 0.10 by 0.40 inches thick bonded to the 
outboard electrodes 46 and 48 of the input portion 31. The 
end-masses 60 and 65 comprises layers of steel 0.39 by 0.10 
by 0.20 inches thick bonded to the outboard sides of the 
output portions 50 and 55. These measurements are only 
illustrative of the dimensions of one embodiment of the 
invention, and many other embodiments are possible 
depending on the siZe, frequency and gain of the desired 
application. 
The ceramic layers 40 and 45 of the input portion 31 are 

both polariZed in the thickness direction and preferably are 
polariZed toWards the center electrode 47 as indicated by the 
arroWs. The ceramic layers 50 and 55 of the output portions 
32 and 33 are also both polariZed in the thickness direction 
and preferably are polariZed aWay from the center electrode 
47 toWards the end-mass 60 and 65 on the same side as the 
respective output portion 32 and 33 as indicated by the 
arroWs. 

FIG. 7 depicts the preferred embodiment of the invention 
in a rectangular slab shaped con?guration as Well the 
preferred embodiment of the connection for electrical leads 
in order to achieve a signi?cant voltage gain. In the preferred 
embodiment of the invention, the center electrode 47 is a 
ground connection, and the outboard electrodes 46 and 48 
are both connected to input terminal 71. The output voltage 
from the TMPT is taken across output terminals 72 and 73 
connected to electrode/end-masses 65 and 60 respectively. 
In the embodiment depicted in FIG. 7 and constructed With 
the dimensions listed hereinabove, the TMPT had a resonant 
frequency of 53.7 kHZ and achieved voltage gains of 19.8. 

Referring again to FIG. 7: In operation, a voltage of a ?rst 
polarity is applied to input terminal 71 connected to out 
board electrodes 46 and 48. This voltage causes input 
ceramic layers 40 and 45 to pieZoelectrically contract in the 
thickness direction (ie a d33 mode deformation parallel to 
the direction of polariZation of the layers 46 and 48). When 
a voltage of an opposite polarity is applied to input terminal 
71 connected to outboard electrodes 46 and 48, the applied 
voltage causes input ceramic layers 40 and 45 to pieZoelec 
trically expand in the thickness direction (ie also a d33 
mode deformation parallel to the direction of polariZation of 
the layers 46 and 48). Thus, by applying an alternating 
voltage at a given frequency to the input portion 31 of the 
TMPT 3, the ceramic layers 40 and 45 cyclically eXpand and 
contract (a d33 mode thickness vibration) at the frequency of 
the applied alternating voltage. 
As the ceramic layers 40 and 45 of the input portion 31 of 

the TMPT 3 eXpand, the output portions 32 and 33 travel 
outWardly from the bond lines 56 and 58 along With the 
securely bonded input portion 31. Conversely, as the 
ceramic layers 40 and 45 of the input portion 31 of the 
TMPT 3 contract, the output portions 32 and 33 travel 
inWardly from the bond lines 56 and 58 along With the 
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securely bonded input portion 31. When the polarity of the 
voltage applied to the ceramic layers 40 and 45 of the input 
portion 31 is reversed, the direction of expansion or con 
traction of the ceramic layers 40 and 45 almost instanta 
neously reverses. The direction of movement of the output 
portions 32 and 33 does not change as quickly. Like a 
mass-spring system, the momentum of the output portions 
32 and 33 and end-masses 60 and 65 causes them to continue 
travelling further in their original direction of movement 
(thereby causing the ceramic layers 50 and 55 to expand or 
contract) before changing direction to move in same the 
direction as the input portion 31. Thus, the movement and 
changes of direction (vibration) of the input portion 31 
causes the output portions 32 and 33 to mechanically strain 
or deform (due to inertia) in the thickness direction, also 
vibrating at or near the drive frequency of the voltage 
applied to the input portion 31. Thus, the d33 mode thick 
ness vibration of the input portion 31 causes a g33 mode 
thickness vibration in the output portions 32 and 33, and an 
alternating voltage is pieZoelectrically generated across the 
electrodes 60 and 65 of the output portions 32 and 33. 

If the frequency applied to the input portion 31 is chosen 
to correspond to the natural resonant frequency of the TMPT 
3 (in the thickness direction along the length of the TMPT 
3), higher deformation in the output of the device and higher 
gains may be realiZed. Thus, a TMPT 3 Will realiZe its 
highest gains operating at resonance. The resonant fre 
quency of the TMPT depends not only on the length of the 
device (relative to the Wavelength of the applied frequency), 
but also the mass of the device, including the end-masses 60 
and 65. The resonant frequency also varies With the length 
and mass of each individual output layer 50 or 55 and its 
ratio of length and mass to its respective end-mass 60 or 65. 
Bonding the end-masses 60 and 65 to the output portions of 
the TMPT 3 increases the length and the mass of the TMPT 
3 and therefore loWers the resonant frequency of the device. 
The length and mass of the end-masses 60 and 65 can also 
be chosen to increase the momentum of the output portions 
32 and 33 While concentrating the compressive and tensile 
forces about the bond-lines 56 and 58 betWeen the input 
portion 31 and output portions 32 and 33. Increasing these 
compressive and tensile forces also increases the gain real 
iZed in the TMPT 3. The increased mass and momentum of 
the TMPT 3 is accomplished by adding the end-masses 60 
and 65 that are denser than the output ceramic and not by 
adding additional ceramic layers to the device. By eliminat 
ing the need for additional output ceramic layers, capacitive 
and dielectric losses are reduced, and the achievable gain of 
the device increases. The end-masses 60 and 65 further 
reduce dissipative losses by alloWing the TMPT 3 to operate 
at a loWer frequency Which reduces the heat generated by the 
device (heat Which can increase dielectric losses). 
Furthermore, because the end-masses 60 and 65 are typi 
cally chosen to be metallic, the end-masses 60 and 65 act as 
heat sinks Which absorb and dissipate the heat generated in 
the ceramic layers 50 and 55, and further reduce dielectric 
losses due to heat. 

Referring to FIG. 10: The TMPT may further be modi?ed 
and increased gain can be achieved by subjecting the TMPT 
to a compressive stress. Applying a compressive force to the 
ceramic layers 40, 45, 50 and 55 of the TMPT extends the 
mechanical limits of deformation for the composite device. 
As illustrated in FIG. 10, the TMPT of FIG. 7 may be placed 
in a mounting device 80 that contacts and presses inWardly 
against the end-masses 60 and 65 of the TMPT. As the 
TMPT contracts and expands, the Walls 70 and 75 of the 
mounting device 80 maintain a compressive force against 
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the ends 60 and 65 of the TMPT 3. By maintaining a 
compressive force on the TMPT 3, the tensile forces acting 
upon it are reduced. Since a TMPT 3 not under compression 
is most likely to fail in tension, the application of a com 
pressive force, Which reduces the tensile force, alloWs the 
TMPT 3 to operate at higher stresses Without being strained 
to the point of mechanical failure. Because the mechanical 
limits of performance of the prestressed TMPT 3 are higher, 
the TMPT 3 can operate under compression at higher 
voltages and greater stresses, thereby providing increased 
gain. 
The TMPTs illustrated in FIGS. 5—10 also provide greater 

poWer density, and therefore greater poWer transmission 
efficiency than prior devices. In the present invention, the 
end-masses 60 and 65 (typically metal having a high 
mechanical quality factor are bonded to the output 
portions 50 and 55 of a TMPT to augment or replace some 
or all of the ceramic in the output portions 32 and 33. By 
increasing the mechanical quality factor of the composite 
pieZoelectric transformer, the gain and poWer transmission 
efficiency can become higher. The increase in gain is due to 
the fact that the additional mass increases the momentum of 
the device Without adding ceramic layers (Which Would add 
to capacitance and dielectric losses). The increase in gain 
using less ceramic layers results in a higher poWer to volume 
ratio. Also, since the end-masses augment replace a some or 
all of an output ceramic layer, and the metallic end-masses 
have a higher mechanical quality factor than the ceramic 
they augment or replace, a higher gain is realiZed With less 
ceramic, and the poWer density of the composite TMPT 
increases. Furthermore, When the end-masses are chosen to 
be a material (like steel) that is denser than the ceramic, a 
TMPT of a given siZe may be constructed that has greater 
mass (than its all ceramic counterpart) and therefore a loWer 
resonant frequency of operation. The greater mass for a 
given siZe TMPT also provides greater momentum and 
therefore generates higher voltage gains as Well as increased 
poWer handling capacity. 

While the above description contains many speci?cities, 
these should not be construed as limitations on the scope of 
the invention, but rather as an exempli?cation of one pre 
ferred embodiment thereof. Many other variations are 
possible, for example: 

While in the preferred embodiment of the invention the 
ceramic layers are preferably constructed of a PZT ceramic 
material, other electroactive materials may be used in its 
place; 

The ceramic layers can be pieZoelectric, ferroelectric or 
other electroactive elements; 

While the input portion preferably comprises tWo rela 
tively thin layers of ceramic, the input portion may comprise 
as feW as one ceramic layer or may be of a multi-layer 

construction; 
The shape of the TMPT need not be cylindrical or slab 

shaped, and many other shapes or con?gurations are pos 
sible; 
The direction of polariZation of the input layers need not 

be toWard the central electrode, but may be aWay from the 
central electrode or both layers may be polariZed in the same 
direction; 
The direction of polariZation of the output layers need not 

be aWay from the central electrode, but may be toWard the 
central electrode or both layers may be polariZed in the same 
direction; 
The material of construction of the end-masses need not 

be aluminum or steel, but may be a different metal, or even 
a non-metallic material; 
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Accordingly, the scope of the invention should be deter 
mined not by the embodiment illustrated, but by the 
appended claims and their legal equivalents. 

I claim: 
1. A piezoelectric transformer, comprising: 
a ?rst input ceramic layer having ?rst and second oppos 

ing major faces and polariZed in a direction parallel to 
an axis normal to said ?rst and second opposing major 
faces; 

a ?rst output ceramic layer having ?rst and second 
opposing faces and polariZed in a direction parallel to 
said axis; 

a ?rst input electrode adjacent said ?rst major face of said 
?rst input ceramic layer and said ?rst face of said ?rst 
output ceramic layer; 

a ?rst rigid mass adjacent said second face of said ?rst 
output ceramic layer; 

a second rigid mass; and 

a second input electrode betWeen said second major face 
of said ?rst input ceramic layer and said second rigid 
mass; 

Wherein upon application of a ?rst oscillating voltage 
across said ?rst and second input electrodes, said ?rst 
input ceramic layer alternatingly expands and contracts 
in said direction parallel to said axis; and 

Wherein upon said expansion and contraction of said ?rst 
input ceramic layer in said direction parallel to said 
axis, said ?rst and second rigid masses move parallel to 
said axis; and 

Wherein said expansion and contraction of said ?rst input 
ceramic layer in combination With said movement of 
said ?rst and second rigid masses in said direction 
parallel to said axis causes a ?rst oscillating mechanical 
strain of said ?rst output ceramic layer parallel to said 
axis; and 

Wherein said ?rst oscillating mechanical strain of said ?rst 
output ceramic layer pieZoelectrically generates a sec 
ond oscillating voltage betWeen said ?rst and second 
faces of said ?rst output ceramic layer. 

2. The pieZoelectric transformer of claim 1, further com 
prising: 

a third input electrode betWeen said second rigid mass and 
said second input electrode; and 

a second input ceramic layer having ?rst and second 
opposing major faces and polariZed in a direction 
parallel to said axis; 

said ?rst major face of said second input ceramic layer 
being adjacent said third input electrode and said 
second major face of said second input ceramic layer 
being adjacent said second input electrode. 

3. The pieZoelectric transformer of claim 2, further com 
prising: 

a second output ceramic layer having ?rst and second 
opposing faces and polariZed in a direction parallel to 
said axis; 

said ?rst face of said second output ceramic layer being 
adjacent said third input electrode and said second face 
of said second output ceramic layer being adjacent said 
second rigid mass; 

Wherein upon application of said ?rst oscillating voltage 
across said second and third input electrodes, said 
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second input ceramic layer alternatingly expands and 
contracts in said direction parallel to said axis; 

and Wherein upon said expansion and contraction of said 
second input ceramic layer in said direction parallel to 
said axis, said ?rst and second rigid masses move 
parallel to said axis; 

and Wherein said expansion and contraction of said sec 
ond input ceramic layer in combination With said 
movement of said ?rst and second rigid masses in said 
direction parallel to said axis causes a second oscillat 
ing mechanical strain of said second output ceramic 
layer parallel to said axis; 

and Wherein said second oscillating mechanical strain of 
said second output ceramic layer pieZoelectrically gen 
erates a third oscillating voltage betWeen said ?rst and 
second faces of said second output ceramic layer. 

4. The pieZoelectric transformer of claim 3, Wherein said 
?rst rigid mass comprises an electrically conductive material 
in contact With said second face of said ?rst output ceramic 
layer; 

and second rigid mass comprises an electrically conduc 
tive material in contact With said second face of said 
second output ceramic layer. 

5. The pieZoelectric transformer of claim 3, Wherein said 
?rst and second input ceramic layers and said ?rst and 
second output ceramic layers are of substantially the same 
cross section. 

6. The pieZoelectric transformer of claim 3, Wherein said 
?rst input electrode further comprises a ?rst bondline 
betWeen said ?rst face of ?rst input ceramic layer and said 
?rst face of ?rst output ceramic layer; 

and Wherein said mechanical strain in said ?rst output 
ceramic layer is concentrated at said ?rst bondline. 

7. The pieZoelectric transformer of claim 6, Wherein said 
third input electrode further comprises a second bondline 
betWeen said ?rst face of second input ceramic layer and 
said ?rst face of second output ceramic layer; 

and Wherein said mechanical strain in said second output 
ceramic layer is concentrated at said second bondline. 

8. The pieZoelectric transformer of claim 7, further com 
prising: 

means for applying an oscillating voltage of a ?rst fre 
quency across said ?rst or second input ceramic layers. 

9. The pieZoelectric transformer of claim 8, Wherein said 
?rst frequency is equal to a resonant frequency of oscillation 
parallel to said axis. 

10. The pieZoelectric transformer of claim 9, further 
comprising: 

mounting means comprising a base and ?rst and second 
Walls extending from said base; 

said ?rst Wall exerting a pressure against said ?rst rigid 
mass along said axis; 

said second Wall exerting a pressure against said second 
rigid mass along said axis. 

11. The pieZoelectric transformer of claim 2, Wherein said 
?rst input ceramic layer and said second input ceramic layer 
are polariZed in opposite directions parallel to said axis. 

12. The pieZoelectric transformer of claim 3, Wherein said 
?rst output ceramic layer and said second output ceramic 
layer are polariZed in opposite directions parallel to said 
axis. 


